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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

TECHNICAL MEMORANDUM X-82 

EXPERIMENTAL INVESTIGATION OF BASE HEATING AND ROCKET HINGE 

MOMENTS FOR A SIMULATED MISSILE THROUGH A MACH 

NUBBER RANGE OF 0.8 TO 2.0' 

By Bruce G. Chiccine, Alfred S. Valerino 
and Arthur M .  Shinn 

Jet-stream interaction effects including base temperatures, pres- 
sures, and aerodynamic hinge moments on the rocket motor were investi- 
gated with simulated ballistic missile afterbodies in the Lewis 8- by 6- 
foot wind tunnel. 

The basic model was a wing-supported 7.87-inch-diameter body hous- 
ing a 1000-pound-thrust rocket operated with Jp-4 fuel and liquid oxygen. 4 

Three afterbody geometries producing ratios of rocket-nozzle exten- 

over the Mach number range of 0.8 to 2.0. The 0.32 rocket extension was 
investigated with an open and closed base, while the 0.59 and 0.78 rocket 
extensions were studied with an open base only. Each afterbody was in- 
vestigated at angles of attack of 0' and 5' and/or a 4' rocket gimbal 
angle. 

* sion to body base diameter of 0.32, 0.59, and 0.78 were investigated 

The 0.32 rocket extension open-base geometry indicated temperatures 
up to l l O O o  F inside the base cavity and similarly high temperatures 
throughout the base region investigated. With the base closed the cavity 
temperatures decreased to approximately 100' F while the temperatures 
outside of the firewall generally decreased only slightly. 
the rocket extension ratio to 0.78 decreased base temperatures approxi- 
mately to tunnel stagnation values. 

Increasing 

No aerodynamic hinge moments were experienced on the rocket engine 
with the 0.32 rocket extension. Upon increasing the extension ratio to 

d 0.59 and 0.78, however, aerodynamic hinge moments were induced on the 
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exposed rocket engine. Generally, moment forces decreased with decreas- 
ing extension r a t i o ,  Mach number, and, t o  a s m a l l e r  extent ,  w i t h  increas- 
ing j e t  pressure r a t i o .  

INTRODUCTION 

The Lewis  center  is current ly  engaged i n  a wind tunnel program 
studying e f f ec t s  of in teract ion between rocket jets and external  streams 
on the afterbody aerodynamics and temperatures of b a l l i s t i c  miss i les .  
A t  present there  is a s ca rc i t y  of both experimental and ana ly t ica l  solu- 
t ions  f o r  such e f f ec t s  f o r  rocket afterbodies,  although the  basic mecha- 
nism of the  flow is similar t o  flow models reported in  references 1 t o  3. 
These references have considered pressure e f fec t s  only and the j e t  param- 
e t e r s  considered were more closely associated with the  conventional turbo- 
j e t  or ramjet configurations. With rocket vehicles,  the  pressure f i e l d s  
and especia l ly  the  temperature e f fec t s  a re  not read i ly  adaptable t o  mal- 
ysis.  Here the  temperatures depend not only on entrainment of  hot gases 
i n  the  base region but a lso  on the possible burning of the combustible 
components of the entrained gases. 

The configurations presently under study a r e  generally d i s t i n c t  from 
typ ica l  turboje ts  or ramjets i n  t h a t  they are characterized i n  t h e i r  
physical appearance by cyl indr ical  afterbodies, b lunt  bases with re la-  
t i v e l y  l a rge  base-to- je t  area r a t i o s ,  g imbdl ing nozzles extending 
beyond the base of the  body, and small aux i l i a ry  turbine exhaust nozzles. 
A l s o ,  i n  contradis t inct ion t o  turboje t  or ramjet cases, the  characteris-  
t i c s  of the  base flow f i e l d  with the present configurations are  associ-  
a t ed  with high r a t i o s  of j e t  t o  stream t o t a l  pressure, high exhaust tem- 
peratures,  fue l- r ich  propellant  and turbine drive mixtures, and poss ibi l-  
i t i e s  of radiant  heat f l u x  from the  hot gases. 

The cone-ogive-cylinder model i n  the  present repor t  w a s  wing mounted 
and housed a 1000-pound-thrust rocket engine. 
base region temperatures, and aerodynamic hinge moments were investigated 
by varying (1) rocket extension r a t i o ,  ( 2 )  oxygen-fuel r a t i o ,  (3) combus- 
t i on  chamber pressure, (4)  rocket gimbal angle, (5) angle of attack; and 
( 6 )  free-stream Mach number. 

Effects  on base pressure, 
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SYMBOLS 

charac te r i s t i c  velocity,  f t / sec  

diameter 

distance from body surface, i n .  

Mach number 
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Tunnel Mach number 

Tunnel s t a t i c  pressure, 
lb/sq i n .  abs 

oyygen-fuel r a t i o  

t o t a l  pressure, lb/sq in.  abs 

s t a t i c  pressure, lb/sq in.  abs 

model afterbody radius,  3.935 in .  

r ad i a l  distance, in .  

model angle of a t tack,  deg 

rocket engine gimbal angle, deg 

boundary-layer thickness 

2.0 1.6 1.3 0.8 

3.24 4.55 6.25 10.63 

Subscripts : 

B model body 

b base of body 

c rocket engine combustion chamber 

e rocket e x i t  plane 

J pertaining t o  the  rocket j e t  

2 l oca l  external  pressure on rocket nozzle 

r base of rocket 

w wake region 

0 free-stream conditions 

APPARATUS ANB PROCEDUR3 
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The length of the cyl indr ica l  afterbodies w a s  varied while a con- 

s t a n t  model length w a s  maintained t o  the  plane of the  rocket e x i t .  
af terbodies were designed so t h a t  the  rocket exi t  plane extended 2.5, 
4.6, and 6 .1  inches beyond the  open base of each shroud as shown i n  f i g -  
ure 2 .  
rocket engine extended 2.5 inches. 
ura t ion w i l l  be iden t i f i ed  by a rocket-extension r a t i o  (0.32,  0.59, and 
0.78) defined as the  rocket extension length divided by the  body base 
diameter. 

Three 
0 

A four th  afterbody had a closed base or firewall beyond which the  
I n  t h i s  repor t  each afterbody config- 

Each afterbody w a s  instrumented with Chromel-Alurnel thermocouples 
i n  the  base cavi ty  or engine compartment and i n  the  plane of the base. 
Temperatures s l i g h t l y  downstream of the  base were measured with a r a d i a l  
rake of four  thermocouples spaced as shown i n  f igure  3. The 0.59 a f t e r -  
body a l s o  incorporated an a x i a l  temperature rake located 3/4 inch above 
the rocket cooling jacket .  I n  addit ion,  each afterbody w a s  instrumented 
with four equally spaced base pressure o r i f i c e s .  The rocket nozzle w a s  
instrumented on the  top and bottom of a sheet-metal covering with rows 
of 1 2  s t a t i c  o r i f i c e s  spaced at  1/2-inch in tervals .  

A boundary-layer survey w a s  made of the flow f i e l d  over the  cylin-  
d r i c a l  afterbody 16.29 inches upstream of the  rocket e x i t  ( f i g .  4 ) .  
P i t o t  pressure r a t i o s  a re  presented f o r  the flow behind the s t r u t  mount- 
ing and over the unobstructed port ion of the  body a t  Mach numbers of 0.8 
and 2 .0 .  The boundary-layer p r o f i l e  immediately downstream of the  wing 

plane i s  possibly due t o  flow disturbances from the  model support. 
s t r u t  appears normal ( f i g .  4 ) ;  the in f lec t ion  of the  p r o f i l e  i n  the  p i t ch  us 

The 1000-pound-thrust rocket engine w a s  water cooled and operated 
with l i q u i d  oxygen and JP-4 f u e l .  The l iqu id  oxygen w a s  pressurized with 
helium or gaseous oxygen while the  JT-4 f u e l  w a s  pressurized with 
nitrogen. 

The rocket nozzle w a s  contoured and had a r a t i o  of j e t  e x i t  t o  
th roa t  area of 8.0. The in te rna l  contour is  de ta i l ed  i n  f igure  1. The 
rocket engine could be gimballed t o  4' in  the  p i t ch  plane about a point 
located 7.25 inches upstream of the rocket e x i t  plane. 

The conbustion chamber w a s  instrumented with pressure o r i f i c e s  for 
monitoring and recording combustion chamber pressure, and the rocket en- 
gine w a s  operated over an oxygen-fuel r a t i o  range of approximately 1 . 6  
t o  2.8 a t  combustion-chamber pressures of 400, 500, and 600 pounds per 
square inch absolute. 

The theore t i ca l  var ia t ion of charac te r i s t i c  velocity, e x i t  s t a t i c  
pressure, and combustion-chamber temperature with oxygen-fuel r a t i o  (from 
r e f .  4) is presented i n  f igure  5 .  A number of experimental characteris-  
t i c  veloci ty  data points  from the  present study a re  a l s o  shown. 

a 

F 



t 
The igni t ion  of the rocket w a s  accomplished automatically with an 

external  spark and propane and gaseous oxygen as p i l o t  propel lants .  

a r e t r ac t ab le  ign i to r  s t r u t  ( f i g .  1) pivoted from t h e  tunnel cei l ing.  
The plug w a s  centered i n  a cone-shaped funnel, which col lec ted  and con- 
centrated the  p i l o t  propel lants  r e su l t ing  i n  successful rocket igni t ion  
a t  a l l  Mach numbers. 

The 
fl spark w a s  supplied by an a i r c r a f t  engine sparkplug located at  the  end of 

5 

Once the  p i l o t  propel lants  were burning and the  ign i to r  w a s  re- 
tracted,  main propel lant  burning w a s  es tabl ished i n  two t h r u s t  l eve l s .  
With f u l l  t h r u s t  establ ished,  t rans ient  temperature data were recorded 
every 1.3 seconds by an automatic-voltage d i g i t i z e r .  When steady- state  
conditions were ascertained through monitoring of se lec ted  thermocouples, 
temperatures and pressures were automatically recorded on magnetic tape 
from which terminal data  were computed. All temperatures and pressures 
reported herein are f o r  steady-state conditions.  

RESULTS A I D  DISCUSSION 

A s implif ied flow model of supersonic jet- stream in terac t ion  is 
shown i n  f igure  6 i n  order t o  i l l u s t r a t e  those elements t h a t  influenced 
the  r e s u l t s  of t h i s  study. 
interact ion between a "cold" j e t  and the  external  stream.) The wake of 
the base is bounded by a mixing zone of re1ativePy cool external-stream 

and the  j e t  gases are transported i n t o  and mixed together  i n  t h i s  wake 
region. 

which results from t he  impinging of t h e  j e t  and externa l  stream. 
rec i rcula t ing  j e t  gases contain combustibles r e su l t ing  both from combus- 
t i o n  inef f ic ienc ies  and fuel- rich operation ( f o r  l i q u i d  oxygen and JP-4 
f u e l  t h e  oxidant-fuel r a t i o  O/F f o r  maximum spec i f i c  impulse i s  2.25, 
whereas t h e  stoichiometric r a t i o  i s  3 .4) .  The admixture of  external  air 
t o  t h e  j e t  gases can result i n  l o c a l  or widespread zones of combustible 
mixtures within t h e  wake. Thus, base-region temperatures are a function 
not only of the t ranspor t  of hot  gases in to  the base region, but i f  an 
igni t ion  source i s  present,  then also upon the  possible burning of  por- 
t ions  of t h e  entrained gases. S t i l l  another possible  source is  radia t ion  
from the je t  and w a k e .  

(See r e f .  1 f o r  a de ta i led  analysis  of the  

-4 air and by the  mixing zone of t h e  hot j e t .  Portions of the  stream air  

low-energy flow of both mixing regions t o  penetrate  the  pressure rise, 
A rec i rcula t ion  or reverse flow is  induced by the  i n a b i l i t y  of 

_. 

The 

Heat input from convective sources should be reduced by decreasing 
the length of the  boundary of the  wake formed by the  j e t  mixing zone. 
With o ther  flow parameters constant, t h i s  decrease can be accomplished 
by increasing the  extension of the  rocket from the  base. 
motor u n t i l  the free stream impinges upon it should give minimum feed- 
back of j e t  gases t o  the  wake. A t  t h e  same time,however, t h e  prkssure 
r i s e  from t h e  deflect ion of the  stream flow by t h e  motor could produce 
undesirably high external  hinge moments about t h e  motor gimbal point  
when e i t h e r  t h e  missile or t he  motor i s  displaced from i t s  n e u t r d  
a t t i t ude .  

Extending the  
U 

* 



6 > >  
> 

I 
i a* 

In  add i t io  parameters of the base 
hardware (such as motor-to-base area r a t i o  and t he  motor extension and 
its e x i t  flow angle) ,  the  base flow f i e l d  is dependent upon a l l  of the  
parameters that describe the flow and composition of the  j e t  and the ex- 
t e r n a l  stream. These include such things as boundary-layer thicknesses, 
Mach number, t o t a l  pressure and temperature, oxygen-fuel r a t i o s ,  motor 
gimbal angle, and body angle of a t tack.  The e f f e c t s  of these variables 
on base-region pressures and temperatures are discussed i n  the following 
sec t  ions. 

& 

Y 
Base Region Temperatures 0 

P 
a, 

Effect  of oxygen-fuel r a t i o  f o r  an open and closed base. - The ef-  
on cavity,  base, and rake temperatures is shown i n  f igure  f e c t  of O/F  

7 f o r  the  0.32-rocket-extension r a t i o  with both the open- and closed- 
base configurations a t  both a gimbal and a body angle of a t t ack  of zero 
degree. Average tunnel  t o t a l  temperature is indicated on f igure  7 as a 
reference at each of t h e  test  Mach numbers. 
temperatures (rocket-off)  were as much as 50' F below the tunnel stagna- 
t i o n  values. 
Mach numbers; however, curves are f a i r e d  on figure 7 t o  indicate  the max- 
imum temperature l eve l s .  

The actual  base recovery 

Considerable s c a t t e r  of data is evident at  t he  supersonic 

Temperatures measured w i t h  the open-base configuration were gener- 
a l l y  highest inside the cavi ty  and were on the  order of llOOo F at  the 
supersonic Mach numbers (1.6 and 2.0) and 700° F a t  Mach 0.8. 
peratures represent  a r i s e  over tunnel  stagnation values of about 1000~ 
and 600' F f o r  the  supersonic and subsonic Mach numbers, respectively.  

c 

These tem- 

c 

The f a c t  t ha t  some cavi ty  temperatures were considerably higher than 
corresponding base o r  rake values possibly points  t o  more uniform mixing 
inside the  cavi ty  and t he  promotion of combustion i n  t h i s  shel tered re-  

. gion of the  wake flow. This  p o s s i b i l i t y  is given some credence a l so  by 
the  f a c t  t ha t  closing the  base (and hence reducing the opportunity f o r  
mixing of the  rec i rcu la t ing  gases) tended t o  decrease the temperatures 
measured on the base and rake a t  the  supersonic Mach numbers (1.6 and 
2 .0 ) .  
free-stream values; these values a re  s ign i f ican t  mainly i n  t h i s  study 
f o r  showing qua l i t a t ive ly  the degree of protection afforded v i t a l  in te r-  
na l  par t s  of a miss i le  by a base s ea l .  I n  an ac tua l  miss i le ,  t he  cavi ty  
temperatures would depend upon the heat- flux balance established by a l l  
the surfaces bounding the  cavi ty  such as the seal, the motor, and the 
missi le body. 

Cavity temperatures ins iae  the closed base were approximately 

The var ia t ion  of temperatures w i t h  O/F w a s  appreciably d i f fe ren t  
u 

at  subsonic and supersonic speeds w i t h  the 0.32 rocket extension ( f i g .  7 ) .  
B 
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With e i t he r  the  open- or  the  closed-base configuration a t  Mach 0.8 there  
w a s  a s l i g h t  but  uniform decrease i n  temperatures with increasing 
A t  Mach numbers of 1.6 and 2.0, however, an increase i n  
proximately 1.8 t o  2.0 produced an abrupt temperature increase of as much 
as 600° F. 
e s t  s ince they preva i l  at the  optimum oxidant-fuel r a t i o  of 2.25. 

4 
O/F. 

above ap- O/F 

These higher temperature l eve l s  are  of more p r ac t i c a l  i n t e r-  

There appears t o  be no obvious explanation for the  existence of the  
two temperature regimes a t  supersonic speeds, although evidence indicates 
t h a t  combustion or afterburning in  the  base region is a primary fac tor .  
Observations of t he  flow with motion p ic tu re  and s t i l l  cameras did  con- 
firm a marked difference i n  behavior of the  stream and jet in te rac t ion  
region between low and high oxidant-fuel r a t i o s .  These e f f ec t s  are  shown 
i n  f igure  8. Low temperatures ( f ig .  8 ( a ) )  were generally characterized 
by a transparent  j e t  and an afterburning region removed downstream from 
the  base a distance o f  at least 1 body diameter. 
e r a l l y  were accompanied by a br igh t ly  luminescent muff of afterburning, 
which f o r  these cases began very near the  plane of the  rocket ex i t  and 
was qui te  unsteady. High-speed motion pic tures  showed wide radial and 
ax ia l  excursions of t he  flame; frequent flashbacks i n t o  t he  base region 
of approximately 1/100-second duration could be observed. The unsteady 
or random nature of the  afterburning i s  emphasized by the  wide spread i n  
temperature ( f i g .  7 )  measured as steady- state values. 

High temperatures gen- 

Effect  of rocket extension r a t i o .  - The three open-base rocket ex- * 
tensions were investigated over an oxidant- fuel r a t i o  range of 1 .6  t o  2.6 
at Mach numbers of 0.8, 1.6,  and 2.0; temperature data are shown in  f i g -  
ure 9 .  
changing from the  0.32 t o  the  0.59 extension. By comparison with tunnel  
t o t a l  temperatures, the 0.78 extension configuration is  seen to be essen- 
t i a l l y  f r e e  of heat input i n to  the base region. A s  an example of these 
temperature reductions, at  Mach 2.0 maximum cavi ty  temperatures were 
llOOo, 230°, and l l O ° F  f o r  extension r a t i o s  of 0.32, 0.59, and 0.78, 
respectively.  

- A t  each Mach number, maximum temperatures decreased markedly i n  

A s  mentioned previously, increasing the  rocket extension decreases 
tha t  par t  of the  j e t  boundary from which combustibles and hot gases can 
be reci rcula ted in to  the base region. 
the  lowered temperatures for the two longer extensions (0.59 and 0.78) as 
well as  by the  independence of these temperatures on var ia t ions  in  
Further indications of the location of the j e t  and stream intersect ion 
a re  shown i n  subsequent data .  

This is shown in  f igure  9 both by 

O/F. 

Temperature p ro f i l e s  i n  the base region. - I n  addit ion t o  the  r a d i a l  
'. temperature survey made in  the  base region of a l l  three  afterbodies,  an 



axial survey w a s  made w i t h  the  0.59 rocket extension. These dis t r ibu-  
t i o n s  are shown i n  f igure  10 f o r  Mach 2.0 and an oxidant-fuel r a t i o  of 
approximately 2.2.  The radial p r o f i l e  f o r  the  shor tes t  rocket extension 
(0.32) shows higher temperatures a t  t h e  center ,  which tends t o  substan- 
t i a t e  t h e  base rec i rcu la t ion  pa t t e rn  presented i n  f igure  6. 
extension w a s  increased and the  general temperature l eve l s  f e l l ,  t h e  
r a d i a l  p r o f i l e s  became flatter;  f o r  the  0.7% afterbody the  temperatures 
were e s s e n t i a l l y  uniform across the base. The ax i a l  temperature p r o f i l e  
f o r  t h e  0.59 afterbody ( f i g .  10(b)) indicates an over- all  decrease i n  
temperatures with distance f romthe  nozzle exit. 

As t h e  rocket 

Base Region S t a t i c  Pressures 

Effect  of j e t  pressure r a t i o  on base pressure. - Base pressure r a t i o  
is  presented i n  f igure  11 as a function of the  r a t i o  of computed j e t - e x i t  
s t a t i c  pressure (from f i g .  5(b))  t o  free-stream s t a t i c  pressure f o r  the  
three  rocket extension r a t i o s  studied.  
t o  the  general t rend of the  data a t  a constant free-stream Mach number 
o r  constant combustion-chamber pressure inasmuch as base pressures were 
t o  some degree affected by oxidant-fuel r a t i o .  

Curves are drawn only as a guide 

For rocket-on conditions, base pressure r a t i o s  decreased from about 
0.94 a t  Mach 0.8 t o  values as low as 0.54 a t  Mach 2.0. 
generally decreased s l i g h t l y  with increasing rocket extension and in- 
creased from rocket-off t o  rocket-on conditions; t h i s  l a t te r  e f f e c t  w a s  
least pronounced f o r  the  shor tes t  rocket extension. For a l l  rocket ex- 
tensions,  base pressure appeared t o  increase with j e t  pressure r a t i o  at 
about the  same r a t e .  This dependence of base pressure on j e t  pressure 
exis ted  even with the  0.78 rocket extension, which w a s  previously shown 
t o  be long enough t o  e f fec t ive ly  eliminate heat  input t o  the  base from 
the j e t .  

Base pressures 

Effect  of rocket extension on rocket external  pressure d i s t r ibu-  
t ions .  - External s ta t ic- pressure  d i s t r ibu t ions  on the  rocket nozzle are 
presented i n  f igure  1 2  f o r  the  three  rocket extension r a t i o s  ( f o r  
j3 = 0') a t  Mach 0.8, 1.3, and 2.0. 
rocket-on and rocket-off conditions are shown i n  f igure  1 2 .  

a = Oo, 
Pressure d i s t r ibu t ions  for both 

The pressures along the  0.32 nozzle extension were constant and 
agreed with the  base pressure.  
enced pressure rises on the  nozzle ranging from base pressure l e v e l  t o  
free-stream s t a t i c  pressure. 
the  i n i t i a l  r i s e  i n  pressure moved upstream i n  d i r e c t  proportion t o  the  
cut t ing back of t h e  afterbody shroua. With the  rocket on, the  same re- 
l a t i o n  w a s  approximately t rue .  

Both the  0.59 and 0.78 extensfons experi- 

With the  rocket off ,  the axial locat ion of 

? 
P co 
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Theoretical invisc id  stream and j e t  boundaries of the  base region 
flow are shown i n  f igure  13 f o r  t h e  th ree  afterbodies a t  Mach 2.0 and 
a r e  based on the  measured pressures indicated. The s t reamline  from the  
shoulder of the  base w a s  obtained from reference 5, while the  i n i t i a l  an- 
gle  of the j e t  expansion w a s  computed from the  base pressure a t  the  end 
of the nozzle using reference 6. From f igure  13 the  r e l a t i v e  e f fec t s  of 
rocket extension on base temperatures can be deduced from the  location 
of t h e  stream-jet in tersect ion point  or from the  j e t  boundary length. 
Relat ive a i r  loads on t h e  motor are implied by t h e  proximity of t h e  l i m -  

predic ts  no pressure r i se  on the  motors at Mach 2.0 f o r  any rocket-on 

extension afterbody w a s  f r e e  of such an e f fec t .  The actual  start of t h e  
wake pressure r i s e  f o r  t h e  0.59- and 0.78-extension afterbodies w a s  on 
the  order of 1/3 body diameter upstream of t h a t  which would be predicted 
from f igure  l3(a).  (For the 0.78 afterbody it appears t h a t  the  e n t i r e  
wake pressure r i s e  w a s  completed ahead of t h e  motor exit s ta t ion. )  This 
d i spar i ty  between the  pressure da ta  and the inv i sc id  streamline pat terns  
indicates  the  strong influence of ac tua l  viscous mixing e f f e c t s  i n  the  

r 

I i t i n g  external  streamline t o  t h e  motor. The inv i sc id  theory, however, 

condition ( f i g .  13) whereas, as shown i n  f igure  1 2 ( a ) ,  only the  0.32- 

I 

I 

I 

I base flow f i e l d .  
' .  

Effect  of combustion-chamber pressure on rocket external  pressure 
d i s t r ibu t ions .  - External nozzle s ta t ic- pressure  d is t r ibut ions  a r e  pre- 
sented i n  f igure  1 4  for combustion-chamber pressures of 400, 500, and 
600 pounds per square inch absolute f o r  the  0.59 and 0.78 rocket exten- 
sions a t  Mach 2.0. A s  mentioned previously ( f i g .  12), motor pressures 
are uniform a t  the base pressure value u n t i l  the  start of the pressure 

sure. For each configuration the pressures rose t o  about the same leve l s .  
Thus, the higher chamber pressures with t h e i r  higher base pressures re-  
su l t ed  i n  a s l i g h t l y  decreased over- all  pressure r i s e .  Nozzle pressure 
d i s t r ibu t ions  with the  0.32 extension are not shown i n  f igure  14 since 
they were r e l a t i v e l y  f l a t  and varied with base pressure f o r  changes i n  
combustion-chamber pressure. 

* 

4 r i s e ,  the location of which i n  a l l  cases w a s  independent of chamber pres- 

Aerodynamic Hinge Moments 

I n  computing moments due t o  the external  a i r  loads about the rocket 
' gimbal point ,  a nor& force  per u n i t  axial length w a s  determined a t  each 

o r i f i c e  s t a t i o n  by a r b i t r a r i l y  assuming a l inea r  circumferential pressure 
d i s t r ibu t ion  between top and bottom o r i f i c e s .  The hinge moments presented 
herein are then the  numerical in tegra t ion of the incremental moments at-  
t r ibu ted  t o  the  normal force  a t  each s t a t i o n .  In  t h i s  study, missi le  an- 

angle w a s  obtained by pitching the  nozzle upward. Thus, the  engine w a s  
gimballed i n  the  d i rec t ion to res to re  t h e  missi le  t o  zero angle of a t tack.  
A pos i t ive  hinge moment is defined as t h a t  which tends t o  p i t ch  the m i s -  
s i l e  nose up. 

" gle of a t t a c k  w a s  achieved by pitching the  model nose down; motor gimbal 
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The pressure d i s t r ibu t ions  on the  top (windward) and bottom ( lee-  
ward) side of the rocket nozzle f o r  4' gimbal angle or 5' angle of at- 
tack and combinations of the  two are presented i n  f igure  15. 
ence purposes pressure d is t r ibut ions  f o r  no-moment conditions ( a  = Oo, 
P = Oo)  are a l s o  included. 

For refer-  

Although pressure d i s t r ibu t ions  were not invest igated a t  comparable 
combinations of gimbal and angle of a t t ack  f o r  a l l  configurations, it 
does appear from f igures  14 and 15(a) t h a t  increasing the rocket exten- 
sion r a t i o  increased the  l e v e l  and asymmetry of the  pressures ac t ing on 
the greater  exposed areas on the nozzle thus increasing the  aerodynamic 

Y 
P 
CD 
0 hinge moment about the  rocket gimbal point .  

The aerodynamic hinge moments ac t ing on the  0.78 extension computed 
from these asymmetrical nozzle pressures are presented i n  f igure  16. The 
moments a re  presented i n  terms of model sca le  and missi le  ru l l -scale  val- 
ues f o r  a 4' rocket gimbal a t  angles of a t t ack  of 0' ( f i g .  16(a ) )  and 5O 
( f i g .  1 6 ( b ) ) .  

I n  general, f igure  16 indicates an increase i n  aerodynamic hinge mo- 
ment with an increase i n  Mach number f o r  a constant chamber pressure. 
For example, at zero angle of a t tack and a 4' rocket gimbal angle ( f ig .  
16(a ) ) ,  hinge moments increased with Mach number from 900 t o  6300 foot-  
pounds f u l l  sca le  f o r  a combustion-chamber pressure of 500 pounds per 
square inch absolute. However, f o r  the  combination of gimbal angle and 
angle of a t t ack  ( f i g .  16(b))  increasing the  Mach number from 1.6 t o  2 .0  
showed a reversa l  i n  d i rec t ion of the  aerodynamic hinge moment about the  
gimbal point.  

The e f f e c t  of angle of a t t a c k  i n  t h i s  reversa l  of moment d i rec t ion 
can be deduced from the  rocket nozzle pressure d i s t r ibu t ion  f o r  the  0.59 
extension i n  f igure  15. a = 5' 
a t t i t u d e  with the 0.78 rocket extension.) 
off data indicate r e l a t i v e l y  large  negative moments. Assuming t h a t  s i m i -  
lar negative moments e x i s t  f o r  the  0.78 afterbody a t  P = 0 and a, = 5O, 
it is  conceivable t h a t  these negative values override the posi t ive  mo- 
ments indicated f o r  the  gimbal-angle data alone ( f i g .  16) when gimbal an- 
gle is combined with angle of a t tack.  

(Data w e r e  not available f o r  j3 = 0' and 
Here both rocket-on and rocket- 

It is s ign i f i can t  t o  note from f igure  16 (by comparing rocket-on and 
rocket-off data) t h a t  va l id  aerodynamic hinge moments cannot be obtained 
from models t h a t  do not have j e t  flow; rocket-off da ta  may show erroneous 
magnitude as w e l l  as incorrect  d i rec t ion of  the  moments. 

SUMMARY OF IiESULTS 

Jet-stream in te rac t ion  studies using a wing-supported body 7.87 
inches i n  diameter and a 1000-pound-thrust rocket with l i q u i d  oxygen and 
3p-4 propellants  a t  Mach numbers from 0.8 t o  2.0 indicated the  following: 
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1. Temperatures i n  t he  base region decreased with increasing exten- 
s ion of the rocket beyond the  base. 
rocket extensions of 0.32, 0.59, and 0.78 body diameters, maximum engine 
cavi ty  temperatures were llOOo, 230°, and 110' F, respectively,  a t  Mach 
2.0. 

For open-base configurations with 

(Tunnel stagnation temperature w a s  140° F at  Mach 2.0.) 

2. Base region temperatures were sensi t ive  t o  oxygen-fuel r a t i o  
only with the  0.32 rocket extension and especia l ly  so at  the  supersonic 
speeds where there was an abrupt increase of as much as 600' F from a 
low- t o  a high-temperature regime as the  oxidant-fuel r a t i o  increased t o  
values above approximately 1.8 t o  2.0. 

3. The motor having the  shor tes t  extension had external  pressures 
a l l  iden t ica l  with base pressure and, hence, experienced no external ly  
induced moments about its gimbal point.  The pressure r i s e  on the motors 
having the longer extensions l e d  t o  moments whose magnitude and direc-  
t ion  appear t o  vary in  a nonuniform manner with Mach number f o r  some com- 
binations of gimbal angle and angle of a t tack.  

4. In  general, base pressures decreased s l i g h t l y  w i t h  increasing 
rocket extension f o r  rocket-on conditions. 
base pressure appeared t o  increase with j e t  pressure r a t i o  at about the 
same r a t e .  

For a l l  rocket extensions, 

5. The external  pressure r i s e  on the  rocket motors occurred consid- 
1 erably f a r t he r  forward than would be predicted by inviscid theory based 

on measured base pressures.  

Lewis Research Center 
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Figure I. - Schematic drawing of rocket-exit study model. 
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0.32 Rocket extension (closed base) 

15 

C-47356 

0.78 Rocket extension (open base ) 

0.59 Rocket extension (open base) * 

(b) Afterbody configurations investigated. 

Figure 2. - Concluded. Model photopaphs. 
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(a) Rocket extension ratio, 0 -32 .  
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(b) Rocket exteasion ratio, 0.59. 

Station 69.75 74.1 
I I 

- 

(c) Rocket extension ratio, 0.78. 

03 Thermocouple 

Figure 3. - Rocket-exit study afterbody design and thermocouple instrumentation. 
(Dimensions i n  inches .) 
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(a) Combustion-chamber temperature. 

Combustion chamber pressure, Pc 

( b )  Nozzle-exit static Dressure. 

1. 6 2.0 2.4 2.8 3.2 3.6 
Oxygen-fuel ratio, O/F 

(e) Characteristic velocity. 

Figure 5. - Theoretical rocket performance for liquid 
oxygen and JP-4 with frozen composition during 
isentropic expansion (ref. 4). 
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( a )  Free-stream Mach number, 2.0. 

I I I I I I I  -. -. :- : - 
Base 

I l l  
.2 1.6 2.0 2.4 2.8 

Closed base 
Average tunnel  

t o t a l  temperature 

1 

s 

n 

r 

Oxygen-fuel r a t i o ,  O/F 

( c )  Free-stream Mach number, 0.8.  

Figure  7 .  - Ef fec t  of oxygen-fuel r a t i o  on temperatures wi th  t he  0.32 rocket  extens ion r a t i o .  Combus- 
t i o n  chamber pressure ,  500 pounds per square inch absolute .  
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( a )  Free- stream Mach number, 2 .0 .  

( b )  Free- stream Mach number, 1 .6 .  

Oxygen-fuel r a t i o ,  O/F 

( e )  Free- stream Mach number, 0.8. 

d 

Figure  9 .  - E f f e c t  of r o c k e t  e x t e n s i o n  r a t i o  on base r e g i o n  t empera tu res .  
Combustion chamber p r e s s u r e ,  503 pounds pe r  square  i n c h  a b s o l u t e .  
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Extension r a t i o  
with open base 

0.32 0 
0 .59 

c 

* 

Distance from plane of rocket  e x i t ,  in. 

(a)  Rocket-os conditions. ( b )  Rocket-off conditions. 

Figure 12. - Ef fec t  of rocket  extension r a t i o  on rocket  motor 
Combust ion -chamber ex t e rna l  s t a t i c  -pres sure d i s t r ibu t ions .  

pressure, 500 pounds per  square inch absolute; oxygen-fuel 
r a t i o ,  2.25. 
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?+,/Po 0.60 0.57 
Pe/Pr 4-14 - 

I n i t i a l  angle of 
j e t  expansion 

(a)  Rocket extension ra t io ,  0.32. 

\ 
r RockeL on 

off 

-I- --  
(b) Rocket extension ra t io ,  0.59. 

0.56 0.48 
2.51 - 

(c)  Rocket extension ra t io ,  0.78. -1 
Figure 13. - Effect of rocket extension on analytical  base region boundaries 

a t  Mach 2.0. Ratio of specific heats, 1.22. 



pressure, Pc, 

Distance from plane of' rocket exi t ,  in. 

( a )  Rocket extension ra t io ,  (b)  Rocket extension ra t io ,  
0.59. 0. 78. 

Figure 14. - Effect of combustion-chamber pressure on rocket 
Mach number, 2.0; engine external  pressure distr ibutions.  

oxygen-fuel ra t io ,  2.25; open base configuration. 
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0 

:A 

Rocket extension ratio, 
0 . 3 2 .  

(a) Rocket-on conditions. 

6 4 2 n 
Distance from plane 

6 4 2 0 
of rocicet exit, in. 

Rocket extension ratio, Rocket extension ratio, 0.78. 
0.59. 

(b) Rocket-off conditions. 

Figure 15. - Effect of gimbal angle and angle of attack on rocket engine external static-pressure 
distributions. 
ratio, 2.25; open base configuration. 

Combustion-chamber pressure, 500 pounds per square inch absolute; oxidant-fuel 
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